Introduction
Water table management through the use of artificial subsurface drainage systems is of primary importance in humid areas with poorly or somewhat poorly drained soils to maximize agricultural productivity Excess precipitation in Iowa and many other Mississippi/Ohio River watershed agricultural production states is removed artificially via subsurface drainage systems that intercept and usually divert it to surface waters. Agricultural drainage systems have been installed to allow timely seedbed preparation, planting and harvesting and to protect crops from extended periods of flooded soil conditions. The tradeoff of improved subsurface drainage is a significant increase in the losses of nitrate-nitrogen (Gilliam, et al. ,1999) . Nitrogen, either applied as fertilizer, or manure or derived from soil organic matter, can be carried as nitrate with the excess water in quantities that can cause deleterious effects downstream. The movement of nitrogen from agricultural fields via drainage waters is a major factor in nonpoint source pollution of surface waters and ultimately the Gulf of Mexico where it has been implicated as a cause of the Hypoxic Zone (Mitsch et al., 2001 ; Rabalais, et al., 1996) . The environmental impacts downstream depend on the agronomic practices implemented, as well as the site, crops, soils and climatological factors.
In recent years the use of animal manure , particularly liquid swine manure, in place of commercial fertilizer has increased. From this , the objectives of this study were to compare nitrate-nitrogen losses and crop yield from subsurface drained areas treated with liquid swine manure and commercial fertilizer. Described within are results from two phases (1995-1999 and 2000-2004) of research studying the effects of swine manure on drainage water quality
Materials and Methods
The field experimental site was located near Gilmore City in rural Pocahontas County, IA. It was in Garfield Township at SW 1/4, Section 2 7, T92N, and R31W Predominant soils were Nicollet (fine-loamy, mixed, superactive, mesic Aquic Hapludoll) and Webster and Canisteo (fine-loamy, mixed, superactive, mesic Typic Endoaquolls) clay loams with 3-5% organic matter. These are poorly to somewhat poorly drained glacial till soils with an average slope of 0.5 to 1.5 percent. Soil samples taken to a depth of 6 inches at the end of the study period indicated Bray P 1 was 31 mg kg-1 (very high, Sawyer et al. , 2002) and pH was 7. 7. Total research area was 11.1 acres, of which 9.4 acres were used as plots and the remainder as border and buffer. Each of the seventyfive plots are 0 .14 acres (125 x SO ft) and established in 1989. Subsurface drainage lines were installed parallel to the long dimension through the center of each plot and on the borders between plots (25 ft apart) at a depth of 3.5 ft (Figure 1) . Subsurface drains at plot borders were installed to help prevent lateral, subsurface drainage flow from adjacent plots. Only the center drainage line is monitored for drainage volume and water quality parameters (Figure 2 ) . This rather unique configuration provided the infrastructure for continuously monitored flow volume measurement and sampling of subsurface drainage emanating from below the treated area. Sub-samples of drainage water were collected at this point and over each flow period and represented the quality of water that was intercepted under the treated area. Samples collected were chilled and stored at 39 o F until analyzed. Nitrate-nitrogen analyses were performed in the Agricultural and Biosytems Engineering Water Quality laboratory located on the campus of Iowa State University using a Lachet Quickchem 2000 Automated Ion Analyzer flow injection system (Lachet Instruments, Milwaukee, WI) and the cadmium reduction method. Statistical modeling of nitrate concentration, volume, loss and yield was conducted using SAS Ver. 8.2 software (SAS Institute Inc., Cary NC). Corn (Zea mays L.) and soybean (Glycine max [L. ] Merr.) were grown on 30" centers in all years resulting in twenty rows of crop. Beginning in 1994 (treatment calibration year), corn and soybean (CS) in rotation plots were divided in half; ten rows of each crop were grown to study the combined effects of crops in rotation. Continuous corn ( CC) was grown on whole plots of 20 rows each. Reasoning behind combining both crops in rotation within a single, monitored experimental plot stems from previous research and bolstered by more current research. Weed and Kanwar (1996) , Kanwar et al. (1997) , Randall et al. (1997) and Zhu and Fox (2003) found that at close to recommended rates of N (130-180 lb-N/acre) for corn production in a cornsoybean rotation, nitrate losses and concentrations were not significantly different in either the corn or soybean year.
From 1989-93 (prior to the research period), CS plots were in a CS rotation with similar rates. CC was grown on the manure experimental plots as part of an earlier study and received 100 lb-N/acre as urea ammonium nitrate (UAN); in 1994, prior to becoming manure treatment plots in 1995, they received 70 lb-N/acre. Beginning in crop year 1995 through 2004, water quality studies were undertaken to compare liquid swine manure fertilizer applications to commercial fertilizer in subsurface drained field plots to gain a greater understanding of how N source affects corn yield, nitrate concentration and nitrate loss in subsurface drainage for a CC production system and a CS rotation system. TheN rates imposed for 1995-1999 and 2000-2004 are shown in Tables 1 and 2 , respectively. In all years, a conventional cropping system that included fall chisel plow tillage of corn residue after stalk chopping and disking followed by spring disking of corn and soybean plots, seedbed preparation with a field cultivator and nitrogen fertilizer applied mid-row to corn, at or as an early season sidedress, with a conventional knife applicator and early growth cultivation for weed control. A specially designed manure applicator was used to insure uniformity and accuracy of swine manure injection.
Results and Discussion
Precipitation was highly variable and subsurface drainage, or the lack thereof, mimicked the precipitation patterns observed. Comparisons of the average subsurface drainage volumes by treatment and year for 1995-99 are listed in Table 3 and for 2000-04 in Table 4 . Average subsurface drainage values by year ranged from no drainage for one treatment in 1997 to 17.6 inches in 2003. Yearly variation in subsurface drainage volumes is to be expected when studying modified natural systems under ambient rainfall conditions. As an example, a comparison of year 1995 and 1996, years with nearly equal drainage season (Mar-Nov) precipitation totals (not shown), resulted in very different subsurface drainage volumes. The year 1995 had a treatment average subsurface drainage volume of 7 inches, whereas 1996 had an average volume 1.5 times higher. Drainage volumes are directly related to ambient soil moisture conditions, individual storm timing and totals and crop water demand during the drainage season. On average, 81% of subsurface drainage occurred in April, May, and June. In the majority of years, little if any drainage occurred in March or the September through November periods. No drainage was recorded for the months of December, January or February as soils were either lacking available moisture for drainage or were frozen.
For 1995-1999, typical Iowa corn production N-rates for the two cropping systems were compared to manure N in continuous corn to determine nitrate-nitrogen concentrations and losses, drainage volumes, and crop yield. During the five years of study, average yearly flowweighted nitrate-nitrogen concentrations ranged from 5.1 mg!L-1 (160 lb/acre as manure, continuous corn in 1996) to 26.1 mg L 1 (160 lb/acre, continuous corn in 1999). Nitratenitrogen concentrations and statistical differences (p= 0.05) of flow-weighted nitrate-nitrogen concentrations in subsurface drainage are presented in Table 5 . Concentrations generally increased over time, with the highest recorded in 1999, for each rate during the experimental period, and could be mostly attributed to above average precipitation prior to the study (early 90's), resulting in large drainage volumes removing nitrate N. The period of this study was marked by below normal precipitation that provided conditions conducive to accumulate nitratenitrogen in the zone above the subsurface drain lines. For this period over all treatments the lowest concentrations were in 199 5 and highest were in 1999. From 2000-2004, typical corn production N-rates were applied to a com-soybean rotation either in the fall or spring to study the effect of timing and form of fertilization on nitrate exported through the subsurface drainage system (Table 6 ). The concentrations ranged from 11.0 mg!L for a spring applied ammonia at a rate of 150 lb/acre (2002) to 26.8 mg!L for a spring applied ammonia at a rate of 225 lb/acre (2000) . Overall the nitrate concentration from the manure treatments compare favorably with the ammonia treatments. However, the spring manure application at a rate of 150 lb/acre had a significantly higher nitrate concentration than treatments with similar ammonia application rates. In general, the nitrate concentrations exiting all the 150 lb/acre application rate treatments were similar. The average nitrate concentrations for each treatment from both phases of the study (1995-1999 and 2000-2004) as a function of nitrogen application rate are shown in Figure l . As expected as application rate increased, the nitrate concentration increased.
Nitrate-nitrogen losses for each year and the overall treatment averages with statistical differences are presented in Table 7 for 1995-1999. Annual losses are the product of subsurface drainage volume and nitrate-N concentrations and results mirror those for concentrations described in a previous section, i.e. , higher concentration treatments typically had higher losses. Again, loss, and nitrate concentrations are predominantly affected by precipitation or the lack thereof, application rate, crop removal and organic matter mineralization. In four of five years within the CC system, manure used at a comparable N rate (160 lb/acre) resulted in statistically lower losses of nitrate in subsurface drainage. When the manure treatment was compared to the same rate within the CS system, the same was true in three of five years. Five year averages, at comparable rates for both systems, indicate that manure had statistically lower losses. Losses were statistically similar to the lower 120 lb/acreN rate across both systems.
The nitrate losses for the years from 2000-2004 are reported in Table 8 . The treatments with the highest losses were the ammonia treatments with application rates of 225 lb/acre and spring applied manure at a 150 lb/acre rate. This phase of the project (2000) (2001) (2002) (2003) (2004) had greater volumes of subsurface drainage in comparison to the previous phase (1995) (1996) (1997) (1998) (1999) . As a result, the nitrate losses were greater for the time period 13.5 *means with the same letter within a column are not significantly different at p=0.05. **both corn and soy grown on same plot and nitrogen application in the corn half only. Corn yield data are presented in Tables 9 and 10 for the 1995-1999 period and the 2000-2004 period, respectively. Corn yields were slightly below the Pocahontas County averages in most years during the time period from 1995-1999; quite possibly related to variety selection, weather conditions and heavy precipitation patterns prior to the study years. Of note during the period from 2000-2004 is that the manure treatments had higher corn yield than corresponding ammonia treatments. This is the case for most individual years and for the five year averages. Water table management through the use of artificial subsurface drainage systems is of primary importance in humid areas with poorly or somewhat poorly drained soils to maximize agricultural productivity. Drainage systems have been installed to allow timely seedbed preparation, planting and harvesting and to protect crops from extended periods of flooded soil conditions. The tradeoff of improved subsurface drainage is a significant increase in the losses of nitrate-nitrogen. Nitrogen, either applied as fertilizer, or manure or derived from soil organic matter, can be carried as nitrate with the excess water in quantities that can cause deleterious effects downstream. Precipitation patterns and subsurface drainage volumes/N losses are directly related. In these two 5-year studies, N application at or near planting and manure N applied prior to planting, were examined to better understand effects on crop production, subsurface drainage nitrate-nitrogen concentration and loss. An established, three replication, subsurface drained plot treatment monitoring system was configured to measure and sample intercepted subsurface drainage from the treated area on a continual basis during the drainage season.
For the period from 1995-1999, the five-year average flow-weighted nitrate-nitrogen concentrations ranged from 8.3 mg!L (160 lb/acre as manure , continuous corn in 1996) to 17.0 mg!L (160 lb/acre as commercial manure, continuous corn in 1999). Within years, at comparable rates of commercial-N across both systems (160 lb/acre CC and CS), the manure treatment had significantly lower nitrate concentrations in three of five years. For the period from 2000-2004, the five-year average flow weighted nitrate-nitrogen concentrations ranged from 14.5 mg/L (150 lb/acre fall ammonia) to 23.9 (225 lb/acre spring ammonia). In general, the nitrate concentrations from the manure treatments were similar to the ammonia treatments. However, the spring applied manure at a rate of 150 lb/acre had higher nitrate concentrations than either spring or fall ammonia applied at a rate of 150 lb/acre. Crop yields for the period from 1995-1999 were slightly below the Pocahontas County averages in most years; quite possibly related to variety selection, weather conditions and heavy precipitation patterns prior to the study years (stripping of N). Within the CC system, no significant differences were found across any rate and manure in all years. A comparison of overall yield averages at equal rates between the two systems shows that yield depression can range from 17-21% for the continuous corn system, and partially explains the discrepancy between county yields and experimental yields for continuous corn, as county averages are not separated by system. During the period from 2000-2004 the corn yields under manure treatments had higher yields than corresponding ammonia fertilization treatments.
From this study, it is evident that manure applied at similar rates as commercial fertilizer had similar concentrations and losses of nitrate-nitrogen exiting the soil profile through the subsurface drainage system. Based on these studies, manure applied at agronomic rates can be expected to result in similar losses of nitrate. Also, during the second phase of the project the manure treatments resulted in improved crop yield.
